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Vertical  Cavity  Surface-Emitting  Lasers 

Advances  were  made  in  further  improving  the  electrical  characteristics  of  vertical-cavity  surface- 
emitting  lasers  (VCSELs)  during  this  period.  We  have  previously  shown  that  by  grading  all  the 
heterointerfaces  in  the  VCSEL  epilayer  structure,  low  series  resistance  and  low  threshold  voltages 
could  be  achieved.  However,  the  latter  remained  significantly  above  2V  and  were  dependent  on  the 
active  area.  Theoretical  modeling  of  the  electrical  resistance  carried  out  during  this  period  suggested 
that  further  reduction  in  the  total  series  resistance  and  in  the  threshold  voltage  are  possible.  The 
spreading  resistance  is  a  function  of  the  VCSEL  device  design  as  well  as  the  proton  implantation 
conditions,  which  are  being  varied.  The  contact  resistance,  on  the  other  hand,  is  strictly  a  function  of 
the  metal,  semiconductor  interface.  By  tailoring  the  contact  semiconductor  layer  and  refuting  the 
interface  conditions,  we  have  shown  that  the  threshold  voltage  can  be  uniformly  reduced  below  2V, 
independent  of  the  VCSEL  active  area  diameter.  The  fact  that  this  can  be  achieved  without 
resorting  to  more  complicated  structures  requiring  dielectric  multilayer  reflectors  results  in  higher- 
performance  devices  and  a  more  robust,  manufacttirable  process. 

The  variations  in  VCSEL  characteristics  have  also  been  studied  by  evaluating  both  the  extent  and 
the  nature  of  the  mode  mismatch  with  respect  to  the  gain  peak  across  an  epitaxially  grown  VCSEL 
wafer.  Insight  into  the  mismatch  problem  was  gained  from  studying  the  temperature  dependence  of 
the  lasing  threshold  current  density  for  VCSELs  with  different  active  areas  and  different  initial 
mode  mismatch.  Even  for  devices  without  any  significant  initial  detuning,  cw  electrical  operation 
produces  thermal  self-heating  that  shifts  the  gain  peak  to  a  wavelength  that  is  substantially  longer 
than  the  cavity  mode.  The  experimental  data  showed  that  these  lasers  can  be  thermally-tuned,  i.e., 
restored  to  a  tuned  condition  by  reducing  the  ambient  temperature.  (Cheng) 

Based  on  previous  experimental  results  on  theoretical  analysis  and  optimization  of  structure 
parameters,  a  novel  optically  pumped  vertical  cavity  surface  emitting  laser  (VCSEL)  has 
been  designed.  The  gain  section  is  composed  of  InGaAs/GaAs  multipie-quantum-well 
strained  layers.  It  is  designed  for  very  low  threshold  pumping  power  density  and  wide 


pumping  lincwidth,  which  arc  critical  for  optical  pumping  with  edge-emitting  high  power 
diode  lasers.  (Mclnemey) 

iMcosecond  Pulse  Generated  from  Semiconductor  Laser  by  Regenerative  Gain 
Switching 

Generation  of  stable  trains  of  picosecond  pulses  from  CW  semiconductor  lasers  has  been 
achieved  using  a  novel  regenerative  gain-switching  and  mode-locking  technique.  Pulse 
durations  of  less  than  35  ps  and  tuning  of  the  pulse  repetition  rate  from 
-200  -  500  MHz,  have  been  demonstrated  from  the  regenerative  gain-switched 
semiconductor  laser  diode.  A  pulse  width  as  short  as  10  ps  has  been  achieved  from 
regenerative  mode-locking  laser  diode  with  a  repetition  rate  of  500  MHz.  A  peak  power  of 
more  than  50  mW  has  been  achieved  in  both  cases.  (Mclnemey,  Jain) 

Visualization  of  Complex  3D  Integrated  Circuits 

Our  objects  e  ie  to  freeze  in  time  (on  a  ps  or  fs  time  scale)  a  two  dimensional  distribution  of 
fields  on  i  circuit  (single  shot).  Our  approach  uses  field  induced  second  harmonic 
generation  in  PLZT  thin  films. 

The  main  technical  problems  are:  1)  how  to  apply  such  a  film  on  the  circuit  and  2)  what  is 
the  temporal  resoludon  (how  fast  does  the  material  respond  to  the  applied  electric  Held?) 

Some  results  were  reported  in  the  previous  periods  with  thin  Hlms  sputtered  on  sapphire  and 
then  pressed  onto  die  circuit  surface.  As  a  result  of  the  difficulty  of  maintaining  a  uniform 
contact  with  an  imperfect  planeity  of  the  semiconductor,  the  results  were  not  reproducible. 

In  this  period,  we  succeeded  in  depositing  good  films  using  a  simple  sol-gel  technique. 

To  determine  the  temporal  resolution,  ps  pulses  were  applied  to  a  photoconductive  switch  of 
a  coplanar  stripline.  The  Held  was  probed  100  iim  down  the  stripline  with  a  delayed  probe 
through  the  PLZT  film.  The  PLZT  response  to  the  applied  electric  field  was  found  to  be 
instantaneous  on  the  time  scale  of  the  pulse.  We  conclude  thus  that  the  change  in  ymmetry 
leading  to  a  field  induced  second  harmonic  occurs  in  less  than  70  ps.  This  response  time  will 
be  probed  on  a  shorter  time  scale  in  the  next  quarter.  (Diels) 


Surface  Normal  Second  Harmonic  Generation 

We  have  continued  our  studies  of  the  blue  surface  normal  second  harmonic  generation.  By 
studying  the  wavelength  dependence  of  the  optimized  resonant  structure  reported  last 
period,  we  were  able  to  verify  the  interference  effect  predicted  by  the  modeling.  The 
wavelength  dependence  of  the  second  harmonic  output  power  showed  two  peaks  as  predicted 
by  our  theory.  The  maximum  output  was  700  pW  at  485  nm  for  1 10  jiW  of  fundamental  in 
the  cavity.  This  was  considerably  more  than  we  had  previously  observed  in  the  green  from  a 
single  layer  waveguide  (20W)  although  our  modeling  predicts  a  factor  of  ten  better 
performance  from  a  multilayer  green  waveguide  over  a  multilayer  blue. 


Wc  have  also  begun  measurements  of  the  magnitude  and  dispersion  of  in 
AI;(Ga|.xAs  as  a  function  of  A1  composition.  We  are  using  surface  reflective  second 
harmonic  generation  normalized  to  LiNb03  or  to  GaAs.  Preliminary  results  show  that 
AIq  5Gao,3As  has  a  50%  higher  x^^^  than  GaAs  in  the  700-800  nm  fundamental  wavelength 
range.  We  attribute  this  to  a  joint  optical  density  of  states  resonance  (El)  occurring  at  the 
second  harmonic  in  AIq  jGaojAs.  AIq  9Gao jAs  has  a  lower  x^^^  than  GaAs  in  this 
wavelength  range,  as  expect^  from  fundamental  gap  considerations.  (Malloy) 

Tliermal  Resistance  of  Top-Surface-Emitting  Vertical-Cavity  Diode  Lasers 

Using  an  approximate  analytical  approach  described  in  the  last  quarterly  report,  we  have 
tested  sensitivity  of  thermal  behavior  to  details  of  the  device  structure  by  considering  a 
number  of  different  heat  source  distribudons.  Our  results  demonstrate  that  the  actual  location 
of  heat  sources  is  of  minor  importance  for  the  active-region  temperature  increase.  The  largest 
variation  in  temperature  associated  with  redistribution  of  heat  sources  is  less  than  2.5%. 

Thus,  thermal  behavior  of  GaAs/AlGaAs  proton-implanted  top-surface-emitting  lasers 
(PITSELs)  can  be  approximated  by  lumping  all  sources  of  heat  generated  in  the  device  into  a 
single  source  located  at  the  active  region.  The  approximate  analysis  becomes  therefore 
particularly  simple,  and  thermal  resistance  /?xii  of  these  devices  can  be  easily  calculated. 
Relatively  high  values  of  Rju,  obtained  for  lasers  of  typical  active-region  diameters 
(~  20  lun),  are  a  direct  consequence  of  the  p-side  up  configuration. 

During  the  next  quarter,  we  plan  to  expand  the  current  approach  to  include  long-wavelength 
VeSELs  and  investigate  the  implications  of  the  poor  thermal  conductivity  of  the  quaternary 
layers.  (Osinski) 

Thermal  Properties  of  Proton-Implanted  Top-Surface-Emitting  Lasers  (PITSELs) 

Thermal  properties  of  VCSELs  are  very  sensitive  to  details  of  the  device  design.  We  have 
therefore  us^  the  finite-element  metht^  to  investigate  temperature  profiles,  isotherms,  and 
heat  flow  mechanisms  in  proton-implanted  top-surface-emitting  lasers  (PITSELs).  The 
results  indicate  that  even  close  to  threshold,  r^al  heat  flow  plays  a  very  important  role  in 
thermal  dissipation.  By  the  same  token,  while  improving  thermal  characteristics  of  individual 
emitters,  the  radial  heat  flow  will  result  in  unacceptably  high  thermal  crosstalk  in  densely- 
packed  two-dimensional  airays  of  PITSELs.  (Osinski) 

Electrical  Properties  of  PITSELs 

Earlier  analysis  of  spreading  resistance  in  proton-implanted  top-surface-emitting  lasers 
(PITSELs),  describe  in  the  last  quarterly  report,  has  been  improved  by  allowing  for 
anisotropic  electrical  resistivity  in  the  spreading  layer.  As  previously,  three  different  top- 
contact  geometries  have  been  considered:  annular,  circular,  and  broad-area.  Closed-form 
analytical  solutions  have  been  obtained  for  each  case,  llie  results  support  earlier  conclusions 


that  low  values  of  series  resistance  can  be  achieved  by  combining  tiie  broad-area  or  circular 
contact  configuration  with  sufficiendy  large  active-region  diameters.  (Osinski) 

Wavelength  Graded  Resonant-Periodic-Gain  Lasers 

Dense  wavelength  division  muldplexing  (WDM)  is  a  potendal  solution  for  the  increased 
utilization  of  the  terahertz  bandwidth  of  optical  fibers.  One  possible  implementation  of  a 
WDM  light  source  is  a  two-dimensional  VCSEL  array  with  uniformly  graded  emission 
wavelengths.  We  have  achieved  spatially  graded  lasing  spectra  using  MOCVD-grown  rcs- 
onant-periodic-gain  VCSELs.  Samples  were  grown  in  a  low-pressiue  borizont^-flow 
reactor.  (Osinski,  Malloy,  and  Hersee) 
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Visible  Light  Sources: 

Phase  modulation 

In  an  effort  to  more  fully  understand  the  nature  of  phase  modulation  due  to  excitonic  effects, 
we  performed  simulations  of  the  behavior  of  exciton  resonances  in  modulator  structures.  By 
performing  the  Kramers-Kronig  transformation  on  measured  exciton  absorption  spectra,  we 
were  able  to  obtain  data  displaying  the  effective  refractive  index  of  a  quantum  well  versus 
wavelength  for  varying  biases.  We  then  utilized  a  matrix  technique  to  solve  Maxwell's 
equations  for  a  multi-layer  vertical  cavity  Fabry-Perot  structure  containing  quantum  wells 
described  by  the  measured  absorption  data  and  the  subsequently  calculated  refractive  indices. 

By  operating  between  two  points  on  opposite  sides  of  the  zero-reflectivity  condition,  we  can 
obtain  a  modulation  that  does  not  have  a  reflectivity  change  between  on  and  q/f  states,  but 
will  change  phase  by  180  degrees  plus  a  parasitic  amount  determined  by  the  refractive  index 
shift  of  the  quantum  well.  However,  at  certain  wavelengths,  the  relative  phase  of  the  exciton 
under  applied  bias  and  without  bias  caii  be  zero-as  seen  by  the  symmetry  in  the  exciton  and 
in  tiie  Kramers-Kronig  relations.  Thus  we  can  obtain  a  phase-flip  switch  with  exactly  180 
degrees  phase  change. 

The  device  simulated  has  an  8-pair  A1.33Gan  g7As/AlAs  mirror,  and  a  similarly  configured 
28.5  pair  bottom  mirror  surrounding  92  75-A  GaAs  quantum  wells  with  35-A  barriers.  The 
Fabry-Perot  dip  is  shifted  to  longer  wavelength  at  30  V.  This  is  caused  by  the  refractive 
index  change  associated  with  the  exciton  at  this  bias.  However,  as  higher  bias  is  applied,  the 
Fabry-Perot  dip  is  shifted  to  the  same  wavelength  as  at  zero  bias.  This  implies  an  equal 
effective  cavity  length  and  a  zero  relative  phase  change.  The  device  shows  about  50% 
reflectivity  at  low  and  high  bias  and  a  180  degree  phase  change.  An  array  of  such  devices 
could  be  used  to  make  a  controllable  diffraction  grating,  which  could  be  used  for 
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such  applications  as  beam  steering.  Furthermore,  two  dimensional  arrays  could  be  used  for 
performing  Fourier  transforms,  laser  focusing,  or  complex  optical  interconnect  schemes. 
(Harris) 

Resonant  Surface  Emitting  SllG 

We  continue  to  try  to  demonstrate  surface  emitting  SHG  in  a  vertical  cavity.  Although  the 
waveguides  fabricated  earlier  weren't  entirely  satisfactory,  due  to  their  high  loss,  we  still 
believed  that  if  enough  light  could  be  coupled  into  the  sample,  we'd  be  able  to  see  red  light 
To  that  end,  a  dedicated  endfiiing  station  for  this  work  was  buUt  using  new  components  for 
the  most  part  The  new  components  were  necessary  because  few  of  die  necessary  items 
could  be  borrowed,  and  those  that  could  were  either  in  bad  condition  or  subject  to 
reclamation.  Another  consideration  is  that  the  laser  we  are  using  is  relatively  low  power  (80 
mW  CW),  so  losing  5%  of  the  power  here  and  there  due  to  inappropriate  mirrors,  damaged 
microscope  objectives,  etc.  is  not  acceptable.  However,  there  was  still  no  red  light  so  we 
plan  to  use  a  more  powerful  laser.  (Harris,  Fejer) 

MOCVD  Growth  and  Processing 

We  have  continued  to  investigate  MOCVD  growth  and  processing  techniques  required  for 
the  fabrication  of  laterally  patterned  11- VI  layers  for  second  harmonic  generation.  In 
particular,  we  have  improved  the  quality  of  regrown  <1 1 1>  CdTe  on  GaAs  after 
photolithography  and  etching  of  11- VI  layers.  Earlier  this  year  we  developed  a  new  in-situ 
cleaning  technique  suitable  for  regrowth  of  <100>-oriented  CdTe.  For  the  device  structure 
of  interest  however,  it  is  desirable  to  grow  the  <100>  nuterial  first,  which  requires  regrowth 
of  <1 1 1>  CdTe.  Since  that  time,  we  have  found  that  regrowth  of  <1 1  l>-oriented  CdTe  is 
more  sensitive  to  surface  preparation.  These  problems  have  been  addressed  by  modification 
of  the  wet  chemical  cleaning  procedure  prior  to  <1 1 1>  CdTe  regrowth.  Photolithographic 
patterning  of  10, 5,  and  2.S  itm  stripes  of  <100>  CdTe  on  GaAs  has  been  achieved  using  a 
KI:I:HBr  etch.  (Gibbons,  Hoyt) 
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The  OMVPE  reactor  for  our  quantum-sr  jcture  work  with  DEGaQ  selective  epitaxy,  located 
at  the  NASA  Jet  Propulsion  Laboratory,  has  been  modified  extensively  to  meet  the  rigorous 
requirements  of  quaternary  compound  InGaAsP  growth  and  to  improve  the  current  AlGaAs 
growth  characteristics. 

A  new  main  gas-injection  manifold  has  been  installed  to  incorporate  more  precursor  sources 
and  to  improve  gas  handUng  characteristics.  It  accommodates  up  to  twelve  different  sources 
with  better  pressure  equalization.  Extensive  leak  testing  has  been  performed  on  the  system 
to  ensure  the  highest  safety  margin  after  these  modifications.  Initial  growths  of  test  layers 
are  successful. 
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Wc  also  investigated  the  highly  nondegenerate  four' wave  mixing  in  a  1.5-)im,  compressively 
strained,  multi-quantum-well  traveling-wave  optical  amplifier  at  detuning  frequencies  up  to 
600  GHz.  In  this  experiment,  three  tunable  Erbium-doped  Hber  ring  lasers  were  employed 
as  pump,  probe,  and  local  oscillators,  and  the  four-wave  mixing  signal  was  heterodyne 
detected  by  mixing  the  signal  with  the  fiber-laser  local  oscillator.  A  gain  nonlinearity  with  a 
characteristic  relaxation  time  of  650  fs  was  determined  from  the  experimental  data,  and  the 
nonlinear  gain  coefficient  was  estimated  to  be  4.3  x  lO'^m^.  Dyn^c  carrier  heating  is 
concluded  to  be  the  major  source  of  nonlinear  gain  in  this  device  at  the  wavelengths 
investigated.  (Vahala) 
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